The spindle checkpoint monitors mitotic spindle integrity and the attachment of kinetochores to the spindle. Upon sensing a defect the checkpoint blocks cell cycle progression and thereby prevents chromosome missegregation. Previous studies in budding yeast show that the activated spindle checkpoint inhibits the onset of anaphase by an unknown mechanism. One possible target of the spindle checkpoint is anaphase promoting complex (APC), which controls all postmetaphase events that are blocked by spindle checkpoint activation. We have isolated mad2, a spindle checkpoint component in fission yeast, and shown that mad2 overexpression activates the checkpoint and causes a cell cycle arrest at the metaphase-to-anaphase transition. In addition to the observation that mad2-induced arrest can be partially relieved by mitosis-promoting factor inactivation, we present genetic evidence consistent with the hypothesis that the spindle checkpoint imposes a cell cycle arrest by inhibiting APCdependent proteolysis.
The precision of the cell division process in eukaryotic organisms is enhanced by checkpoints that prevent the initiation of critical steps in the cell cycle until prior steps have been accurately completed (1). In the absence of functional checkpoints, DNA damage and spindle defects would escape detection, leading to the accumulation of errors in key cell cycle events such as DNA replication and chromosome segregation (2).
The spindle-assembly checkpoint ensures accurate nuclear division by monitoring the integrity of the mitotic spindle and the proper attachment of chromosomes to the spindle, and then preventing the onset of anaphase in the presence of a defective mitotic spindle or unattached kinetochores (3) (4) (5) (6) . Characterization of the spindle-assembly checkpoint began with the isolation of mutants in the budding yeast Saccharomyces cerevisiae, in which the presence of spindle damage fails to arrest cell cycle progression (7, 8) . Eight spindle checkpoint genes have been identified in budding yeast, MAD1-3, BUB1-3, MPS1, and CDC55 (3). Homologues of several checkpoint components subsequently have been identified in other species, suggesting that the spindle checkpoint system is evolutionarily conserved (3) . Activation of the spindle checkpoint in budding yeast blocks cells with condensed chromosomes prior to the onset of anaphase (7, 9, 10) . However, because cell cycle stages between S phase and anaphase are not morphologically distinct in budding yeast (11) , the precise point at which the spindle checkpoint arrests cell cycle progression is not well defined cytologically. Also unknown are the mechanism by which the checkpoint is activated and the mechanism by which activation of this pathway blocks cell cycle progression.
Considerable evidence suggests that the onset of anaphase (sister chromatid separation) and other postmetaphase events (spindle elongation and exit from mitosis) are controlled by proteolysis of specific proteins by the ubiquitination pathway (6) (7) (8) (9) . Sister chromatid separation requires the degradation of Pds1p in budding yeast (12) and Cut2p in fission yeast (13) . Telophase progression and mitotic exit require the degradation of mitotic cyclin B (14) . The only element in this ubiquitination pathway whose activity is cell-cycle regulated is the ubiquitin ligase (E3), also called the cyclosome or anaphase promoting complex (APC) (15) (16) (17) . APC catalyzes the transfer of ubiquitin from ubiquitin-conjugating enzymes to the substrate proteins (15) , which are subsequently degraded by the 26S proteasome (18) . APC, a 20S protein complex in Xenopus, contains eight protein subunits (19) . Four of the subunits have also been identified in S. cerevisiae: CDC16, CDC23, CDC27, and APC1 (19) . Fission yeast cut9, nuc2, and cut4 (20) encode homologues of budding yeast Cdc16p, Cdc27p, and Apc1p, respectively, and are also required for anaphase initiation (19) . Because no postmetaphase events take place when the spindle checkpoint is activated, it is possible that APC-dependent proteolysis is prevented by the checkpoint either by inhibiting the ubiquitination of the target proteins or by blocking the access of substrates to the proteolysis machinery (4) .
In a genetic screen in the fission yeast Schizosaccharomyces pombe designed to identify cDNAs that cause mitotic defects when overproduced (X.H., T.E.P., and S.S., unpublished data), we have isolated a cDNA encoding the fission yeast homologue of the budding yeast spindle checkpoint protein Mad2p. We show here that fission yeast mad2p is required for spindle checkpoint function and that overexpression of mad2 in fission yeast activates the spindle checkpoint. This activation causes a cell cycle arrest at the metaphase-to-anaphase transition, as judged by both morphological and biochemical criteria. Consistent with the hypothesis that activation of the spindle checkpoint pathway arrests the cell cycle at metaphase by inhibiting APC-dependent protein degradation, we demonstrate a genetic interaction between APC and mad2 and show that the mad2-induced cell cycle arrest is partially relieved by inactivation of mitosis-promoting factor (MPF) kinase. cs double mutant was generated by crossing mad2 ⌬ with nda3-311 cs and was identified by its coldsensitive(cs) and uraϩ phenotypes. Yeast culture, transformation, and genetic manipulations were performed by standard procedures (26) .
MATERIALS AND METHODS

Yeast
DNA Methods. In a screen described in detail elsewhere (X.H., T.E.P., and S.S., unpublished data), a S. pombe cDNA library in pREP3X vector (a gift from Bruce Edgar, Fred Hutchinson Cancer Research Center, and Chris Norbury, University of Oxford, U.K.), in which cDNA expression is controlled by the thiamine-repressible nmt1 promoter (27) , was transformed into wild-type cells. Transformants were screened based on the toxicity and the mitotic defects caused by cDNA overexpression. Plasmids from S. pombe transformants were recovered by standard procedures (26) and amplified in Escherichia coli. The cDNA inserts and their restriction fragments were subcloned into Bluescript KS(Ϫ) (Stratagene) and sequenced using the Sequenase Version 2.0 (United States Biochemical). pREP41X-mad2 and pREP81X-mad2 were constructed by subcloning the XhoI͞BamHI fragment of the mad2 cDNA from pREP3X into pREP41X and pREP81X, respectively, to achieve lower levels of mad2 overexpression (27) .
H1 Kinase Assay. Wild-type cells transformed with pREP3X-mad2 (mad2 OP) were transferred from medium with thiamine, in which transcription is repressed, to thiaminefree medium for 13 hr to induce mad2 overexpression at 32°C. The wild-type control cells that were transformed with the vector pREP3X were treated identically. Total yeast extracts were prepared using the glass-bead method (26) . Equal amounts of total protein extract (determined by Bradford assay, Bio-Rad) from mad2 overexpressing and control cells were subjected to immunoprecipitation using anti-cdc2 antiserum 4711 (a gift from Kathy Gould, Vanderbilt University, Nashville, TN), following previously described procedures (28) . One-half of each immunoprecipitated product was subjected to an H1 kinase assay (29) ; the other half was used for Western blot analysis (ECL, Amersham) to determine the amount of precipitated p34 cdc2 .
Cell Viability Test. Equal numbers of single mutant cells, mad2 ⌬ or nda3 cs , and double mutant cells, mad2 ⌬ nda3 cs , were spread on YE plates. The plates were then incubated at the nda3 cs -restrictive temperature of 18°C for 0, 3, 6, and 9 hr and then returned to the permissive temperature of 32°C. The number of colonies was counted after 3 days.
DNA Content Analysis. mad2 ⌬ or nda3 cs and double mutant cells mad2 ⌬ nda3 cs cells were grown in YE liquid medium at 32°C to early log phase and shifted to 20°C. At each time point, cell samples were fixed with ethanol, treated with RNase, and stained with propidium iodide, and their DNA content was measured by flow cytometry (30) .
Fluorescence Microscopy. Immunofluorescence procedures were as described (31) . Cells were fixed with glutaraldehyde and paraformaldehyde and stained with anti-tubulin monoclonal antibody TAT1 (32) (a gift from Keith Gull, University of Manchester Institute of Science and Technology, U.K.) and f luorescein-conjugated anti-mouse secondary antibody (Pierce) to reveal the microtubule structures. Cells were simultaneously stained with 4Ј,6-diamidino-2-phenylindole (DAPI) to visualize the DNA.
RESULTS
In a cDNA library overproduction screen in which cells displaying transcription-dependent lethality were examined microscopically, mad2 was isolated as a gene whose overproduction arrests cells in mitosis (X.H., T.E.P., and S.S., unpublished data). The amino acid sequence of fission yeast mad2p is 53% identical to budding yeast Mad2p (GenBank accession no. U14132) (Fig. 1A) . If mad2p functions as a spindle checkpoint protein in fission yeast, cells lacking mad2p would be expected to be hypersensitive to microtubule-destabilizing drugs, such as TBZ, because of their inability to arrest cell cycle progression in the presence of a defective spindle (7, 8) . A haploid strain containing a mad2 deletion mutation (mad2 ⌬ ) was viable, but the strain was hypersensitive to TBZ (Fig. 1B) .
To determine whether mad2 ⌬ was also sensitive to spindle defects of a different kind, we tested the synthetic lethality of mad2 ⌬ and nda3-311 cs . nda3-311 cs mutants at the restrictive temperature are arrested at prometaphase and lack a mitotic spindle due to a cold-sensitive mutation in the ␤-tubulin gene. The nda3-311 cs phenotype is highly reversible: within 6 min after return to the permissive temperature, the cells form a functional mitotic spindle and complete mitosis properly (33) . Both mad2 ⌬ and nda3-311 cs , as single mutants, maintained high viability with cold treatment. In contrast, the mad2 ⌬ nda3-311 cs double mutant rapidly lost viability (Fig. 1C) . Under these conditions the double mutant, but neither of the single mutants, continued to synthesize DNA, as evidenced by the appearance of cells with a greater than 2C DNA content (Fig.  1D ). Microscopic observation of the cells stained with DAPI showed that after 9 hr at the restrictive temperature, 33% of the double mutant cells had abnormally large nuclei and very bright DNA fluorescence. In 59% of cells, septation proceeded in the absence of nuclear division, resulting in the ''cut'' phenotype (34) and an unequal partitioning of DNA to the daughter cells. These microscopic images are consistent with the histograms of DNA content (Fig. 1D ) and provide an explanation for the origin of heteroploidy in the double mutant. mad2 ⌬ cells, therefore, bypass mitosis in the absence of a normal spindle and undergo both septation and the next round of DNA replication.
Overexpression of the mad2 cDNA in fission yeast, under control of the thiamine-repressible promoter nmt1 (35) , inhibited cell growth. Thirteen hours after transcriptional derepression of mad2 at 32°C, cell division ceased and the arrested cells displayed characteristic features of metaphase: the H1 kinase activity of MPF was significantly higher than that of wild-type asynchronous cells when normalized to the amount of immunoprecipitated p34 cdc2 ( Fig. 2A) , and Ͼ50% of the cells had condensed chromosomes and a short mitotic spindle (Fig. 2B) , compared with only 2% in a wild-type asynchronous culture (31) .
The high MPF activity in cells overexpressing mad2 could be either a cause or a consequence of the metaphase arrest resulting from mad2 overexpression. To distinguish between these possibilities, we investigated the effects of MPF inactivation on cell cycle arrest induced by mad2 overexpression. The mad2 cDNA was transformed into cdc2-33 ts cells, which contain a mutation in the MPF kinase catalytic subunit that results in rapid, temperature-sensitive loss of kinase activity (28, 36) and cell cycle arrest after 30 min at the restrictive temperature (37) . In both wild-type cells (Fig. 2B ) and the cdc2-33 ts mutant grown at the permissive temperature (data not shown), mad2 overexpression arrested cells at metaphase with a linear array of brightly stained condensed chromosomes and a short mitotic spindle. The cells were then transferred to the restrictive temperature to inactivate MPF. After 1 hr, the chromosomes remained condensed and unseparated and the mitotic spindle remained intact and failed to elongate. The most striking abnormality was the relocalization of the undi-vided nucleus to one-half of the cell (Fig. 2C) , whereas in wild-type cells, relocalization occurs only after nuclear division. In some of these cells (Fig. 2C, cells 3 and 4) , cytoplasmic microtubule structures started to form (Fig. 2C , arrows in cells 3 and 4) before the short spindle completely disassembled, although in wild-type cells, cytoplasmic microtubule reassembly occurs only after mitotic spindle elongation and disassembly (31). After 2 hr, 40-45% of the arrested cells had a medial septum (Fig. 2D) , one anucleated cell, and one uninucleated cell with decondensed chromosomes. Anti-tubulin immunofluorescence revealed that these septated cells no longer had a mitotic spindle but contained cytoplasmic microtubules (data not shown). MPF inactivation in cdc13-117 ts , a strain harboring a mutation in the cyclin B subunit of MPF (38) , had similar effects on mad2 arrested cells (data not shown).
mad2 overexpression prevented chromosome separation, spindle elongation, and exit from mitosis, suggesting that it blocked all aspects of the metaphase-to-anaphase transition. APC, a protein complex that functions as a ubiquitin ligase in the proteolysis pathway, controls the metaphase-to-anaphase transition. Fission yeast cells with a temperature-sensitive mutation in the APC subunits cut4, cut9, or nuc2 transiently arrest in metaphase at the restrictive temperature with phenotypes that resemble the metaphase arrest induced by mad2 overexpression in wild-type cells (20, 22, 23) . These mutant cells eventually exit from mitosis without undergoing anaphase (20, 22, 23) , and their terminal phenotypes are similar to mad2-arrested cells in which MPF has subsequently been inactivated: the cells are septated, have a single nucleus in one of the daughter cells, and do not undergo spindle elongation. Because mad2 overexpression blocks the metaphase-toanaphase transition, it is possible that activation of the spindle checkpoint arrests cell cycle progression by inhibiting APC activity. This hypothesis predicts a genetic interaction between the spindle checkpoint and protein ubiquitination systems. To test this possibility we asked whether mutants in APC are hypersensitive to mad2 overexpression when compared with wild-type cells (Fig. 3) . Medium-level expression of mad2 (pREP41X-mad2) had no obvious effect on wild-type cell growth but almost completely inhibited the growth of both cut9-665 ts and nuc2-663 ts cells at the permissive temperature (25°C). Low-level expression (pREP81X-mad2) also specifically inhibited the mutants. As expected, high-level expression of mad2 (pREP3X-mad2) was lethal to all three strains.
DISCUSSION mad2p Functions as a Spindle Checkpoint Protein in Fission Yeast.
We have identified mad2 in fission yeast and shown that it encodes a protein with high sequence similarity to the Mad2p spindle checkpoint protein from budding yeast (GenBank accession no. U14132), frog (39) , and human (6) . Like Mad2p in budding yeast, fission yeast mad2p is not essential for cell division and functions as a spindle checkpoint protein, because the mad2 deletion is viable but hypersensitive to the microtubule-destabilizing drug thiabendazole. More importantly, nda3 cs cells in which mad2 is deleted fail to arrest at metaphase although they lack a functional mitotic spindle at the restrictive temperature. This indicates that fission yeast mad2p functions as a spindle checkpoint protein that is essential for cell cycle arrest in response to a defective spindle.
mad2 Overexpression Causes a Cell Cycle Block at the Metaphase-to-Anaphase Transition. In wild-type fission yeast cells, mad2 overexpression causes a cell cycle arrest at a metaphase like stage: cells have hypercondensed chromosomes and a short mitotic spindle; the nucleus is undivided; and the MPF kinase activity is high. Except for the absence of a mitotic spindle in the ␤-tubulin mutant, this metaphase arrest resembles the cell cycle block in nda3 cs mutants (33) and cells treated with microtubule destabilizing drugs (40) , indicating that mad2 overexpression mimics normal checkpoint activation by a defective spindle. Furthermore, because mad2 overexpression can arrest cell cycle progression in the presence of an apparently normal spindle structure (Fig. 2B) , we were able to precisely determine that activation of the spindle checkpoint in fission yeast arrests cell cycle progression at the metaphaseto-anaphase transition. Subsequent MPF inactivation after the mad2-induced arrest causes the cells to bypass anaphase and directly exit from mitosis (see Fig. 4 for a model) apparently without either spindle elongation or sister chromatid separation. This latter conclusion is based on the absence of nuclear division as monitored by DAPI staining of the DNA but has not been verified using fluorescense in situ hybridization analysis (41) . These results lend further support to the conclusion that the mad2-induced arrest is at the metaphase-toanaphase transition and is consistent with the proposal that anaphase and exit from mitosis are independently regulated (17) . Previously, it was known that mitotic cyclin B degradation, thus the inactivation of MPF, is necessary for telophase progression (14) . Our results suggest that MPF inactivation is both necessary and sufficient to promote both telophase and cytokinesis. Consistent with our results, budding yeast cells arrested by nocodazole, a drug that destabilizes microtubules and thereby activates the spindle checkpoint, can bypass anaphase and complete the next S phase when MPF is inactivated (42) .
The Spindle Checkpoint May Inhibit APC-Dependent Proteolysis. It was previously proposed that APC, which biochemically functions as a ubiquitin ligase, controls several aspects of the metaphase-to-anaphase transition by targeting specific proteins for degradation (17) (Fig. 4) . Substrates of APC include cyclin B, whose degradation is required for MPF inactivation and the exit from mitosis in budding yeast and frog eggs (15, 17) ; Cut2p, whose degradation is required for sister chromatid separation in fission yeast (13) ; and a yet to be identified protein(s), whose degradation is required for spindle elongation. Pds1p, an anaphase-inhibitor protein in S. cerevisiae, is also a target of APC (43) . It has been hypothesized that the spindle-assembly checkpoint may prevent the onset of anaphase by interfering with specific protein degradation (4) . We have demonstrated that two strains, which have mutations in different APC subunits, are hypersensitive to mad2 overproduction. These genetic results are consistent with the model that spindle checkpoint activation inhibits APC activity (Fig.  4) . Furthermore, in nocodazole-treated budding yeast cells, Pds1p-dependent sister chromatid separation (12) and B-type cyclin ubiquitination activity (44) are inhibited. In frog egg extracts, activation of the spindle checkpoint pathway also stabilizes cyclin B and maintains high MPF H1 kinase activity (45) . Consistent with these observations, we have also detected high MPF activity following mad2 overexpression, indicating that cyclin B degradation is inhibited. Based on these results and the genetic interaction between mad2 and components of the APC, we propose that activation of the mad2-dependent spindle checkpoint pathway in fission yeast blocks the metaphase-to-anaphase transition by inhibiting APC-dependent proteolysis (Fig. 4) . However, we cannot distinguish between inhibition of ubiquitination activity and protection of proteins from the proteolytic machinery. We anticipate that future studies, especially those using in vitro biochemical approaches, will elucidate the precise biochemical mechanism of this inhibition.
Our model also explains the previous unexpected observations that cdc13 ts mutants are hypersensitive (46) and the 26S proteasome mutants, mts2 ts and mts3 ts , are resistant (47) to microtubule-destabilizing drug treatment. Because cdc13 ts cells fail to maintain high MPF activity (36), they may not be properly arrested by spindle checkpoint activation, which would result in lethality. Activation of the spindle checkpoint arrests cells at metaphase by inhibiting APC and thereby interfering with specific protein degradation. Because untreated mts mutants already have reduced ubiquitin-mediated proteolysis activity (47, 48) , these cells would be expected to have an enhanced response to the spindle damage caused by TBZ treatment.
In budding yeast, eight genes (MAD1-3, BUB1-3, MPS1, and CDC55) have been identified as components of the spindle checkpoint pathway (3) . It was shown recently that Mad2p in frog and human localizes to unattached kinetochores, indicating that it may detect the defects in the attachment of kinetochores to the spindle (6, 39) . Furthermore, MAD1, MAD3, and BUB2 function downstream of MAD2 in the spindle checkpoint pathway (49) , indicating, by analogy, that fission yeast mad2p may not directly interact with APC. Overexpression of mad2 in fission yeast may inhibit APC by activating downstream genes in the spindle checkpoint pathway. It is therefore possible that overexpression of other spindle checkpoint genes would result in phenotypes similar to those caused by mad2 overexpression. In fact, while this manuscript was in preparation, it was reported that overexpression of MPS1 in wild-type budding yeast cells activates the spindle checkpoint pathway (9) . In the screen that led to the identification of mad2 (X.H., et al., unpublished data), we also identified and are currently characterizing two other new fission yeast genes with overproduction phenotypes that mimic that of mad2 overexpression. One of these cDNAs encodes a protein with a 269-aa region with 45% sequence identity to the kinase domain of the dual-specificity protein kinase family (50) (51) (52) , which includes the budding yeast Mps1p. The similarity between the overexpression phenotypes of mad2 and these two new genes makes them excellent candidates for additional components of the spindle checkpoint system in fission yeast. Wild-type cells and APC subunit mutants (cut9-665 ts and nuc2-663 ts ) were transformed with pREP3X vector and a set of mad2 overexpression constructs: pREP3X-mad2, pREP41X-mad2, and pREP81X-mad2. Transformants were streaked on EMM plates in the absence of thiamine so that three levels of mad2 overexpression were achieved via the three different strength nmt1 promoters: pREP3X-mad2, high; pREP41X-mad2, medium; and pREP81X-mad2, low (27) . On each plate, wild-type transformants were streaked on the left and the mutant transformants on the right. The plates were incubated at 25°C.
FIG. 4.
A model of the mechanism by which mad2 overexpression blocks the metaphase-to-anaphase transition. APC targets specific proteins for degradation, which is required for three different postmetaphase events. Cyclin B degradation is required for the exit from mitosis. Cut2p degradation is required for sister chromosome separation. The protein whose degradation is required for spindle elongation has not yet been identified. mad2 overexpression mimics activation of the spindle checkpoint and blocks the metaphase-toanaphase transition by directly or indirectly inhibiting APC.
